The transcriptional regulation of human dendritic cells (DCs) differentiation and maturation remains incompletely understood. Results: VentX knockdown impaired DCs differentiation and maturation whereas VentX overexpression counteracted the inhibitory effects of corticosteroid on DC activation. Conclusion: VentX is critical for DCs differentiation and maturation. Significance: VentX may be a novel target to modulate DCs functions and manage inflammatory diseases.
Dendritic cells (DCs) are specialized antigen presentation cells that play critical roles in the initiation and regulation of immune responses. The molecular determinants of DC differentiation and maturation are target of extensive investigation.
VentX is a human homeobox transcriptional factor that regulates proliferation and differentiation of hematopoietic cells. In the current study, we report that ablation of VentX expression in monocytes significantly impaired their differentiation into DCs. Conversely, overexpression of VentX in monocytic THP1 cells accelerated their differentiation toward DCs. We showed that VentX regulates DC differentiation, in part, through modulating IL6 expression. Clinically, we found that VentX expression was elevated in intestinal lamina propria DCs (LPDCs) of inflamed mucosa from inflammatory bowel disease patients. Knockdown experiments suggested that VentX is essential for the maturation of LPDCs. In addition, corticosteroid treatment markedly decreased VentX expression in LPDCs and enforced expression of VentX counteracted the effects of corticosteroid on DCs maturation. Our data suggest that VentX is a critical transcriptional regulator of DC differentiation and maturation, and a potential target of immune regulation and therapy.
Dendritic cells (DCs) 2 are the most potent professional antigen-presenting cells that play critical roles in initiation of immune responses and maintenance of immune homeostasis. Derived from bone marrow hematopoietic stem/multipotent progenitor cells, DCs reside in an immature state in peripheral nonlymphoid tissues (1) . These immature DCs are able of efficient taking up and processing various antigens. Upon stimulation with inflammatory cytokines or microbial components, such as lipopolysaccharide (LPS) of bacteria, immature DCs undergo a maturation process and begin to migrate to local lymph nodes, where they interact with CD40 ligand on antigen specific T cells via CD40 and mature into potent immuno-stimulatory or immuno-tolerogenic cells (2) . Maturation of DCs correlates with up-regulated expression of MHC class II and co-stimulatory molecules, production of immuno-stimulatory cytokines, and acquisition of capability to stimulate naive and antigen-specific T cells (3) .
Intestinal mucosa is enriched with DCs, which reside in the lamina propria and regulate immune response to pathogen invasion. Maturation and function of intestinal DCs are regulated by both host factors and microbial components (4) . Intestinal DCs detect the presence of pathogens through pattern recognition receptors, such as members of the toll-like receptor (TLR) family (5) . Aberrant maturation and activation of intestinal DCs has been postulated to play a pathogenic role in autoimmune/inflammatory conditions, such as inflammatory bowel disease (IBD). It has been shown that expression of TLR2, TLR4, and CD40 is enhanced in DCs isolated from inflamed mucosa of IBD patients (6) . Moreover, aberrant TLR signaling has been found to predispose patients to Crohn disease (7) . Evidence has been accumulating to suggest a potential role of targeting DCs in management of autoimmune/inflammatory conditions. However, little is known about the intrinsic DC factors that can be manipulated to modulate DC maturation and functions.
Circulating monocytes derived DCs have been found in human inflammatory fluids (8) and in vitro monocytes derived dendritic cells have been widely used as a model system to explore the molecular mechanisms of human DCs differentiation. Previous studies showed that granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL4 drive peripheral blood CD14 ϩ monocytes differentiation to CD14 Ϫ CD1a ϩ DCs (2, 9) . Several cytokines such as IL6, IL10, and ␥-IFN have been shown to negatively regulate the monocytes differentiation into DCs (2, 10 -12) , whereas other cytokines are reported to promote DCs differentiation (2, 13) . Recent gene profiling analysis revealed a vast number of differentially expressed genes during induced human CD14 ϩ monocytes differentiation into DCs (14) . Nevertheless, the key transcriptional regulatory mecha-nisms underlying human monocytes to DCs differentiation remain poorly understood.
VentX is a human homologue of the Xenopus homeobox gene Xom of the BMP4 signaling pathway, and has been defined as a novel hematopoietic transcriptional factor controlling proliferation and differentiation of hematopoietic and immune cells (15) (16) (17) . Initially identified as a novel LEF/TCF associated antagonist of the canonical Wnt signaling through reverse genetic modeling of Xenopus embryogenesis, VentX was found to be a transcriptional activator of the p53/p21 and p16 ink4a /Rb tumor suppression pathways (18, 19) . The critical role of VentX in hematopoietic cells development was indicated by its function in controlling the proliferation and differentiation of CD34 ϩ cells and monocyte to macrophage terminal differentiation (16, 17) .
In our current study, we provided evidence showing that VentX regulated DC differentiation and maturation through an IL6 mediated mechanism. The clinical importance of the findings was revealed by the elevated expression of VentX in DCs isolated from inflamed mucosa of IBD patients, and that VentX is a downstream target of corticosteroid treatment. Our data suggest that VentX is a key regulator of DC differentiation and maturation and may serve as a target of intervention for inflammatory disorders and immune therapy.
EXPERIMENTAL PROCEDURES

Human Primary Cells Isolation and Treatment-Peripheral blood mononuclear cells (PBMC) from healthy adult donors at
Dana-Farber Cancer Institute were isolated by Ficoll density gradient centrifugation. CD14 ϩ monocytes were purified from PBMCs using anti-CD14 antibody-coated magnetic microbeads (Miltenyi Biotec, Auburn, CA). Monocytes were cultured in 12-well plates at 1 ϫ 10 6 cells/ml with RPMI 1640 medium containing 10% fetal bovine serum (FBS), GM-CSF (100 ng/ml), and IL4 (20 ng/ml) (PeproTech, Rocky Hill, NJ). Cytokines were added to cultures every 2 or 3 days for a total of 5 days to induce dendritic cell differentiation. Neutralizing antibody against IL6 was purchased from R&D Systems (Minneapolis, MN) and used at a daily dose of 2.5 g/ml. Intestinal mucosa was obtained from surgically resected specimens from patients diagnosed with inflammatory bowel diseases including Crohn disease and ulcerative colitis. Specimens were taken from both inflamed and non-inflamed mucosa and were confirmed macroscopically and microscopically. Lamina propria mononuclear cells were isolated using previously described techniques (20, 21) . LPDCs were purified as the fraction of CD19 Ϫ CD1c ϩ cells with magnetic microbeads (Miltenyi Biotec). To promote maturation of DCs, 100 ng/ml of Escherichia coli LPS (Sigma-Aldrich) was added to the medium and further cultured for 24 h. Experiments with human materials were performed in accordance with guidelines approved by the institutional review committee of Brigham and Women's Hospital.
VentX and IB Knockdown-Human primary monocytes were transfected with Morpholino (MO) antisense oligonucleotides using the Human Monocyte Nucleofector Kit (Lonza, Walkersville, MD) according to the manufacturer's instructions. Briefly, 10 ϫ 10 6 monocytes were resuspended into 100 l of nucleofector solution with 2.5 nmol of either VentX MO oligonucleotides (VentX MO: 5Ј-TACTCAACCCTGACATA-GAGGGTAA-3Ј or VentX MO-2: 5Ј-GAGCCCGGTTTGCA-TACACGGCTAA-3Ј) or a standard control MO oligonucleotides and electroporated with the Nucleofector II Device (Lonza). Cells were then immediately removed from the device and incubated overnight with 1 ml of pre-warmed Human Monocyte Nucleofector Medium containing 2 mM glutamine and 10% FBS. Cells were then resuspended into complete RPMI medium and treated with appropriate cytokines to induce differentiation into DCs. All the MO oligonucleotides were ordered from Gene Tools (Philomath, OR). LPDCs were transfected with siRNA targeting VentX as described in our previous study (17) . Knockdown of IB␣ expression in THP1 cells was achieved through electroporation transfection of Signal-Silence IB␣ siRNA I from Cell Signaling (Danvers, MA).
Generation of THP1 Cell Line Conditionally Expressing VentX-Human monocytic leukemia cell line THP1 was obtained from American Type Culture Collection (ATCC; Manassas, VA). The doxycycline inducible retroviruses expressing GFP.VentX or GFP have been described in our previous study (17) . The THP1 cell line conditionally expressing GFP.VentX was generated through co-transduction of pRetroX-GFP.VentX and pRetroX-Tet-On Advanced retroviruses and GFP.VentX-positive cells were sorted by FACSAria high-speed sorter (BD Bioscience, San Jose, CA) after incubation with 1.0 g/ml doxycycline for 24 h (Dana-Farber Cancer Institute Flow Cytometry Core Facility). Sorted cells were then maintained in RPMI 1640 medium in the absence of doxycycline. The THP1 cell line conditionally expressing GFP was generated similarly as a control. To induce differentiation of THP1 cells toward DCs, cells were treated with the cytokines mixture as described previously (22) with some modifications. Briefly, cell were grown in 12-well plate in RPMI1640 medium supplemented with 10% FBS, 100 ng/ml GM-CSF, 50 ng/ml IL4, and TNF-␣, 100 ng/ml ionomycin for 2 days. Under this sub-optimal condition, only mild DCs differentiation was observed in GFP-expressing THP1 cells, which allowed us to determine the effect of VentX expression on the DCs differentiation in this model cell line.
FACS Analysis-Phenotypic analyses of DCs and THP1 cells were performed with flow cytometry after immunostaining of cells with fluorescence dye conjugated antibodies (eBioscience, San Diego, CA). The following FITC or PE conjugated antibodies were used: anti-CD1a, CD1b, CD1c, CD11c, CD14, CD16, CD36, CD40, CD64, CD80, CD83, CD86, CD116, CCR7, HLA-DR, TLR2, and TLR4. Intracellular staining of CCL3, CCL5, IL6 and IL12, p70, and TNF␣ were performed with PE-conjugated antibodies following the protocol provided by manufacture. Isotope control staining was performed in parallel for all experiments and used for gating. Cell cycle analysis was carried out by propidium iodide (PI) staining. Stained cells were analyzed with FACScan flow cytometer (BD Bioscience) using FlowJo software. Results are expressed as the percentage of positive cells or mean fluorescence intensity (MFI) values after subtraction of the MFI obtained from the isotype control antibody.
Luciferase Reporter Assay-The Ϫ592 bp fragment of human IL6 promoter region was amplified with forward primer: 5Ј-GTAACGCGTTTCTACAACAGCCGCTCACAG-3Ј and re-verse primer: 5Ј-GATAGAGCTTCTCTTTCGTTC-3Ј. The Ϫ225 bp and Ϫ80 bp promoters were amplified with the same reverse primer and the following forward primers respectively: 5Ј-GTAACGCGTCAATGACGACCTAAGCTGCAC-3Ј and 5Ј-GTAACGCGTGTGGGATTTTCCCATGAGTC-3Ј. The amplified products were digested with restriction enzymes Mlu I and XhoI, and digested fragments were subsequently cloned into pGL3 luciferase reporter. Transfection of reporter plasmid with pcDNA-VentX plasmid or control pcDNA-GFP plasmid into primary monocytes was carried out through electroporation. Reporter plasmid was also transfected into U2OS cells, which stably express tetracycline-inducible VentX (19) , and reporter activity was evaluated in the absence or presence of tetracycline. 10 ng of Renilla luciferase plasmid was included for each transfection to normalize reporter activity. Cells were harvested 48 h after transfection or addition of tetracycline and analyzed with Dual-Luciferase Reporter Assay System (Promega, Madison, WI). Mutation of NFB binding site of luciferase reporters was achieved through QuikChange Sitedirected Mutagenesis Kit from Stratagene (Santa Clara, CA).The wild type NFB binding sequence 5Ј-GGGATTTTCC-3Ј was mutated to 5Ј-GGGATTTTAG-3Ј as reported previously (23) .
ChIP Assay-THP1 cell lines conditionally expressing GFP or GFP.VentX were employed to detect if VentX expression impairs the NFB binding to IL6 promoter region. Cells were treated with 1.0 g/ml doxycycline for 2 days and harvested for chromatin immunoprecipitation (ChIP) assay. The ChIP procedure was performed with SimpleChIP Enzymatic Chromatin IP Kit from Cell Signaling following the manufacturer's instructions. The NFB/p65 antibody (Cell Signaling) was used for the immunoprecipitation. Human IL6 promoter region containing the NFB binding site was amplified by quantitative PCR with forward primer: 5Ј-GGACGTCACATTGCACAATC-3Ј and reverse primer: 5Ј-GCCTCAGACATCTCCAGTCC-3Ј.
Cell Migration Assay-The dendritic cells migration assay was performed with CytoSelect™ 24-Well Cell Migration Assay kit from Cell Biolabs, Inc. (San Diego, CA).
PCR Array, Real Time-PCR, Western Blot, and Mixed Lymphocyte Reaction-Dendritic & Antigen Presenting Cell PCR Array was purchased from SABiosciences (Valencia, CA). Real time PCR was performed on a LightCycler (480 Real-Time PCR System; Roche). The primers used for the detection of mRNA levels of VentX, IL6, IL12, p21, c-myc, CCL2, CCL3, CCL5, CCL19, CXCL1, CXCL12, CD1a, TNF␣, TLR2, and TLR4 have been shown previously (17) . Western blotting analysis was conducted as described in our prior study (17) . Primary antibodies against p21 and c-Myc were from Cell Signaling, and anti-VentX antibody was purchased from Abcam (Boston, MA). Mixed lymphocyte reaction was performed as described previously (17) except that BrdU was added to culture to determine T cells proliferation. Incorporated BrdU was detected with PE-conjugated anti-BrdU antibody and analyzed with flow cytometry.
Statistical Analysis-The Student's t test was used to calculate statistical significance, and p Ͻ 0.05 was considered statistically significant.
RESULTS
VentX Is Required for Human Primary Monocytes to Dendritic Cell Differentiation-Following our recent finding that
VentX is expressed in human primary monocytes (17), we examined VentX expression during primary monocytes to dendritic cell differentiation induced by GM-CSF and IL-4 treatment. We found that VentX expression underwent a marked increase at both mRNA and protein levels during the induced DC differentiation (Fig. 1A) . To explore potential role of VentX in DC differentiation, the effects of VentX knockdown on in vitro DCs differentiation were examined. VentX siRNA produced marginal VentX knockdown efficiency in monocytes after 5 days of transfection, whereas differentiation of DCs from monocytes in vitro requires 5ϳ7 days of incubation with GM-CSF and IL4 (2, 9) . To obtain a long-lasting knockdown effect of VentX in monocytes, we developed an MO-mediated VentX knockdown strategy. Two different MO antisense oligonucleotides were designed (VentX MO and VentX MO-2) and tested for the knockdown efficiency of VentX. As shown in Fig. 1B , both MO oligonucleotides inhibited VentX expression in DCs compared with control MO 5 days after transfection. Freshly isolated CD14 ϩ CD1a Ϫ monocytes differentiate in vitro into immature CD14 Ϫ CD1a ϩ DCs when cultured with GM-CSF and IL-4 (2, 9) . We therefore examined surface expression of CD1a antigen in monocytes transfected with control MO or VentX MO, respectively. As shown in Fig. 1 C, transfection of VentX MO led to a substantial reduction in the percentage of CD14 Ϫ CD1a ϩ cells (Fig. 1C ) in comparison with the control MO. The surface expression of CD1b and CD1c, which are considered as additional differentiation markers of monocytesderived DCs (2, 9) , were similarly downregulated in VentX MO transfected cells ( Fig. 1 , D-E). Transfection of VentX MO did not cause excess cell death in monocytes (17) , which ruled out the possibility that the decreased differentiation was due to compromised cell viability. The expression of other surface antigens such as CD16, CD36, and CD64 remained unchanged in VentX MO transfected DCs (Fig. 1F ), further supporting that VentX MO transfection exerted specific effects on DC differentiation. To corroborate the role of VentX in regulating DCs differentiation, we ectopically expressed VentX in primary monocytes and determined the CD14 Ϫ CD1a ϩ cells after 3 days of cytokines treatment. Overexpression of VentX in monocytes greatly accelerated the DCs differentiation ( Fig. 1G ). Taken together, these data demonstrated that VentX is a critical regulator of primary monocytes to DCs differentiation.
VentX Promotes Dendritic Cell Differentiation-Human monocytic cell line THP1, under appropriate differentiation conditions, can be induced to differentiate into immature and mature DCs with phenotypic and functional properties similar to those of primary DCs (22, 24) . To further explore the effects of VentX on dendritic cell differentiation, we generated stable THP1 cell lines expressing GFP or GFP.VentX under the control of doxycycline-inducible promoter. VentX has been reported to function as an anti-proliferation and pro-differentiation transcriptional factor (16 -19) . Thus, we first examined whether overexpression of VentX could exert an inhibitory role on the proliferation of THP1 cells. Consistent with our prior study (17, 19) , expression of VentX in THP1 cells induced apparent growth inhibition ( Fig. 2A ) and G1 cell cycle arrest (Fig. 2B) , which was associated with the down-regulation of c-myc and up-regulation of p21 expression by VentX (Fig. 2, C  and D) . To determine the effects of VentX expression on DC differentiation of THP1 cells, we developed a suboptimal induction condition under which a mild differentiation of GFP transduced THP1 cells could be observed ( Fig. 2E, upper panel) . Under this condition, overexpression of VentX significantly accelerated the DCs differentiation of THP1 cells. As shown in Fig. 2E , VentX transduced THP1 cells displayed a markedly increase of surface expression of CD1a, CD11c, CD40, CD86, and HLA-DR, indicating an enhanced DCs differentiation in these cells. Strikingly, VentX transduced THP1 cells became adherent and flattened with extensive dendrite formation (Fig. 2F,  right panel) , resembling the morphology of DCs derived from primary monocytes. In contrast, no such morphological changes were observed in GFP transduced cells (Fig. 2F, left panel) . 
IL-6 Mediates VentX Regulation of DCs Differentiation-To
elucidate the mechanisms underlying VentX regulated DCs differentiation, expression level of cytokines known to be important for DCs development was analyzed by reverse transcription PCR. Among the cytokines examined, IL6 expression was consistently increased in cells transfected with VentX MO (Fig.  3A) . It has been shown that IL6 inhibits DC differentiation and maturation from both CD14 ϩ monocytes and CD34 ϩ progen-itor cells (2, 25) . To corroborate the results of knockdown experiments, we examined the effect of ectopic expression of VentX on expression level of IL6. Consistent with loss-of-function approach, overexpression of VentX reduced IL6 mRNA level (Fig. 3B ). Intracellular staining experiments demonstrated that VentX inhibited IL6 production in primary monocytes (Fig. 3C ). To determine whether VentX inhibits IL6 expression at the transcriptional level, we performed luciferase reporter MAY 23, 2014 • VOLUME 289 • NUMBER 21
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assays with IL6 promoter. The effect of VentX on the activity of 592 bp IL6 promoter luciferase reporter and several deletion mutant constructs was assessed (26) . As shown in Fig. 3D , VentX significantly inhibited the Ϫ592 bp IL6 promoter activity in primary monocytes. Previous studies have delineated several functional cis-regulatory elements in the human IL-6 promoter, including binding sites of AP1 (Ϫ283 to Ϫ277 bp), C/EBP (Ϫ158 to Ϫ145 bp and Ϫ87 to Ϫ76 bp) and NFB (Ϫ75 to Ϫ63 bp) (26) . To explore potential VentX responsible elements on the IL6 promote, the Ϫ592 bp and the truncated luciferase reporters were transfected into U2OS cells that express VentX under the control of doxycycline-inducible promoter (21) . Upon induction of VentX expression with doxycy-cline, we found that the activity of Ϫ80 bp IL6 promoter reporter, which contains only NFB binding site (26) , was suppressed by VentX to a degree similar to that of Ϫ592 bp IL6 promoter (Fig. 3E ). This finding indicated that VentX may target NFB binding site to regulate IL6 expression. To test this hypothesis, we performed mutation analysis of the IL6 promoter and found that mutation of NFB binding site on the Ϫ80 bp IL6 promoter abrogated the ability of VentX to inhibit the promoter activity (Fig. 3F) . To determine whether NFB is involved in VentX regulated IL6 expression, we examined the effects of VentX on NFB expression and its interaction with IL6 promoter, using THP1 cells that express VentX under the control of doxycyclin-inducible promoter. We found that FIGURE 3 . VentX suppresses IL6 expression. A, monocytes were transfected with VentX MO or control MO and GM-CSF and IL4 were added into culture medium for 5 days. Cells were harvested for quantitative analysis of mRNA level of indicated genes. B, monocyte was transfected with pcDNA-GFP or pcDNA-GFP.VentX through electroporation. Cells were then cultured in the presence of GM-CSF and IL4 for 3 days, and GFP-positive cells were sorted out to analyze IL6 mRNA level. C, monocytes were transfected and treated as above, and cells were harvested for intracellular staining followed by flow cytometry analysis of IL6 levels. Results shown are representative of at least three independent experiments. D, Ϫ592 bp human IL6 promoter reporter was transfected with pcDNA-GFP or pcDNA-VentX plasmid into primary monocytes through electroporation. Two days after transfection, cells were harvested to analyze the luciferase activity. E, various IL6 promoter reporters were transfected into U2OS cells that express VentX upon induction with doxycycline. Cells were harvested 2 days after DOX addition, and luciferase activity in the presence or absence of DOX was analyzed. F, Ϫ80 bp IL6 promoter reporter with mutant NFB binding site was transfected into U2OS cells. Then DOX was added into medium or omitted, and luciferase activity was determined 2 days after transfection. G, THP1 cells expressing GFP or GFP.VentX under the control of tetracycline-inducible promoter were treated with DOX for 2 days and harvested for ChIP assay with anti-NFB/p65 antibody. The human IL6 promoter region containing an NFB binding site was amplified by real-time PCR as described under "Experimental Procedures." H, THP1 cells expressing GFP.VentX were transfected with control siRNA or IB␣ siRNA, and cells were harvested 2 days after transfection for ChIP assay with anti-NFB/p65 antibody as described above. Results shown are mean Ϯ S.D. of triplicates from one representative of three independent experiments. I, Ϫ592 bp human IL6 promoter reporter was transfected with pcDNA-VentX plasmid into U2OS cells that have been transfected with control siRNA or IB␣ siRNA 12 h prior. Two days after transfection, cells were harvested, and luciferase activity was determined. Error bars indicate standard deviation of representative experiments carried out in triplicate.
VentX did not affect the expression of NFB at either mRNA or protein levels (Fig. 2, C and D) . However, using ChIP and realtime PCR assays, we found that ectopic expression of VentX led to a reduced binding of NFB to the IL6 promoter ( Fig. 3G ). To further explore potential involvement of NFB in VentX regulated IL6 expression, IB␣ siRNA was transfected into the VentX expressing THP1 cells to enhance NFB activity. We found that transfection of IB␣ siRNA increased NFB binding to IL6 promoter (Fig. 3H ). Consistently, we found that expression of IB␣ siRNA attenuated VentX inhibition of IL6 promoter activation (Fig. 3I) , These data suggest that VentX may compete with NFB to suppress IL6 expression. To further investigate whether impaired DCs differentiation in VentX MO transfected monocytes could be ascribed to the increased IL6 secretion in these cells, neutralizing antibody against IL6 was added to the culture medium of VentX MO transfected monocytes and DCs differentiation was assessed through flow cytometry analysis of CD1a surface expression. As shown in Fig. 4 , neutralizing IL6 activity with specific antibody significantly improved DCs differentiation defects in VentX MO transfected monocytes, indicating that VentX regulates DCs differentiation, at least in part, through modulating IL6 autocrine production.
VentX Promotes DC Maturation Response to LPS Stimulation-To explore whether VentX plays a role in DC maturation, we examined the effects of VentX on the changes of DCs gene expression profile during LPS induced maturation process, using a PCR array approach. The PCR array includes genes involved in antigen uptake and presentation, cytokines/chemokines and their receptors important for DC maturation. Cell surface receptors and signal transduction factors implicated in inflammation are also included in this array. As shown in Fig. 5 , A-E, overexpression of VentX induced up-regulation of a wide variety of genes, such as CD1 antigens, co-stimulatory factors CD80 and CD86, HLA molecules, proinflammatory cytokines IL12, TNF␣, chemokines CCL2(MCP-1), CCL3(MIP-1␣), and CCL5 (RANTES), chemokine receptors CCR5 and CXCR4, and TLRs. In addition, the expressions of CSF1R (M-SCF receptor) and CDKN1A (p21) also increased as previously demonstrated (17, 19) . The results of PCR array were further verified by independent PCR reaction, using different sets of primers. As shown in Fig. 5F , independent quantitative PCR experiments produced consistent results as PCR array; therefore suggesting a potential role of VentX during DCs maturation process.
VentX Regulates DC Maturation during Intestinal Mucosal Inflammation and Is a Treatment Target of Corticosteroid-
Our findings that VentX regulates DCs differentiation and maturation led to our exploration of the relevance of our findings in pathogenesis of inflammation. To address the question, intestinal lamina propria DCs (LPDCs) were isolated from inflamed as well as control normal mucosa of patients with ulcerative colitis and Crohn disease. VentX expression levels in these DCs were determined by RT-PCR method. As shown in Fig. 6A , VentX expression levels were significantly elevated in LPDCs from mucosa of inflamed area in comparison with LPDCs from non-inflamed area (Fig. 6A) . To determine whether the elevated expression of VentX is relevant to the aberrant maturation response of DCs, we tested the effects of VentX knockdown on maturation of LPDCs. As shown in Fig. 6 , B and C, among the cell surface markers examined, knockdown of VentX in LPDCs significantly down-regulated expression of costimulatory factors CD40, CD80, and CD86, chemokine receptor CCR7, and pattern recognition receptors TLR2 and TLR4, which have previously been shown to be up-regulated in DCs from inflamed intestinal mucosa of IBD patients (6) . Expression of CD83 was unaffected by VentX knockdown. Intracellular staining demonstrated that LPDCs with VentX knockdown produced less inflammatory cytokines IL12, TNF␣, and chemokines CCL3, CCL5 (Fig. 6C) . Consistently, RT-PCR revealed a significant decrease of mRNA level for CCL2, CCL3, CCL5, CXCL12, IL12, TNF␣, and TLRs in LPDCs cells with VentX knockdown in comparison with control LPDCs cells (Fig. 6D) . In addition to the phenotype characterization, functional analysis showed that DCs with VentX knockdown displayed significantly reduced migration capability ( Fig. 6E ) and weaker stimulation to primary T cells proliferation (Fig. 6F) . Immune suppressants, such as corticosteroid, remain as the main treatment modality in managing mucosal inflammation in moderate to severe IBD patients. It has been reported that corticosteroid modulated DC maturation and function (11, 27) . To determine whether VentX might be a downstream target of corticosteroid, we examined VentX expression levels in LPDCs treated with prednisolone (PDL) in vitro. As shown in Fig. 6G , corticosteroid treatment drastically decreased VentX expression in LPDCs, as well as the expression of pro-inflammatory cytokines, such as the IL12, TNF␣, CCL5 (Fig. 6H ). When VentX was ectopically expressed in DCs, the inhibitory effect of corticosteroid on the expression of pro-inflammatory cytokines was significantly diminished (Fig.   FIGURE 4 . Enhanced auotcrine IL6 contributes to differentiation defects of dendritic cells with VentX knockdown. Human primary monocytes were transfected with VentX MO or control MO as indicated. Twenty-four hours post-transfection, cytokines GM-CSF plus IL4 were added into culture medium together with neutralizing IL6 antibody or control immunoglobulin (IgG). Cells were harvested 5 days after cytokine addition and analyzed for the expression of CD14 and CD1a by flow cytometry (left panel). The mean Ϯ S.D. of four independent experiments is shown in the right panel.
6H), suggesting that corticosteroid exert its anti-inflammatory in part through down-regulating VentX expression in DCs.
DISCUSSION
The mechanism of DCs differentiation and maturation is the focus of great interests for its potential application in immune regulation and therapy. In the present study, we showed that the human homeobox protein VentX is a key regulator of DC differentiation and maturation. Recent studies demonstrated that VentX is a critical hematopoietic transcriptional factor during ontogenesis of different lineages of hematopoietic cells (16, 17, 28) . Knockdown of VentX impairs early differentiation of hematopoietic CD34 ϩ cells as well as monocytes terminal differentiation (16, 17) . These data suggested that VentX is a general permissive factor for the differentiation of hematopoietic cells, upon exposure to different inducing factors. Our data showed that ectopic expression of VentX in U937 cell promoted macrophage development (17) , whereas expression of VentX in THP1 cell promoted DCs development (Fig. 2 ), suggesting that the effects of VentX on differentiation of hematopoietic cells are cell type specific, and perhaps through different mechanisms.
The exploration of the mechanisms underlying VentX regulated DCs differentiation led our attention to IL6, a critical factor involved in DC differentiation (2, 10) . Prior studies showed that modulation of DCs differentiation by ␥-IFN, Wnt5a, HLA-G, and transcription factor ESE-3 related to the altered FIGURE 5 . PCR array analysis of indicated genes in dendritic cells that overexpress VentX. Monocytes were transfected with pcDNA-GFP or pcDNA-GFP.VentX plasmids through electroporation. GM-CSF and IL4 were added to culture medium 2 h later to induce DCs differentiation. 3 days after transfection, LPS was added for overnight treatment, and cells were harvested and sorted with GFP through flow cytometry. A-E, total RNA was isolated, and the mRNA levels of indicated genes were analyzed by PCR array. Results shown are one representative of two independent experiments. F, mRNA levels of selected genes were determined by real-time PCR. Results shown are mean Ϯ S.D. of triplicates, and the differences are significantly different between two groups (p Ͻ 0.05) for all genes.
IL6 secretion or signaling (12, 29 -31) . Our data showed that IL6 expression was increased in DCs with VentX knockdown (Fig. 3, A and C) , whereas overexpression of VentX inhibited IL6 expression ( Fig. 3, B and C) . Importantly, we found that impaired DC differentiation upon VentX knockdown could be partially rescued by diminished IL6 signaling through addition of IL6 antibody to culture media (Fig. 4) . The mechanism underlying VentX regulated IL6 expression remained to be further defined. VentX does not bind to the IL6 promoter, 3 thus, it is likely that VentX regulates IL6 expression through an indirect mechanism. Notably, previous studies have established the 3 Z. Zhu, unpublished data. Results are expressed as the percentage of MFI normalized to control. There was a significant difference between these two groups (p Ͻ 0.05) except for CD83, which was not significant (N.S.). D, LPDCs transfected with siGFP or siVentX were analyzed for the mRNA expression levels of indicated genes. There was a significant difference between the two groups (p Ͻ 0.05) except for CCL19 and CXCL1. E, knockdown of VentX impaired the migration capability of DCs. F, knockdown of VentX impaired DCs capability to stimulate allogenic T cells proliferation in a mixed lymphocyte reaction. G, DCs were treated with prednisolone (10 g/ml) for 48 h or mock treated; then VentX level was determined with real time PCR. H, DCs were transfected with GFP or VentX and then treated with PDL as indicated. LPS was added 24 h later, and cells were harvested 48 h after transfection to analyze the mRNA levels of CCL5, IL12A, and TNF␣. Results shown are mean Ϯ S.D. of triplicates from one of two independent experiments. I, schematic of VentX regulation of monocyte (Mo)-derived DC differentiation.
NFB as a direct transcriptional activator of IL6 (32, 33) . VentX is a direct transcriptional activator of the p53 and the p16, which are known antagonists of NFB activation of IL6 (19, 34, 35) . Thus, VentX may regulate IL6 expression in part through its inhibitory effects on NFB binding and transactivation of IL6 promoter. In comparison with its effects in dendritic cells, our previous study showed that VentX promoted IL6 expression in macrophages (17) . The mechanism underlying context dependent regulation of NFB downstream genes by VentX during monocyte differentiation remains to be defined. It is noteworthy that our findings paralleled to the findings of Lee et al., who showed the context-specific regulation of NFB target genes by EZH2 in breast cancers (36) .
In addition to modulation of IL6 expression ( Fig. 3) , knockdown VentX also down-regulates GM-CSF receptor (CD116) expression. 3 Therefore, multiple pathways have been implicated in VentX regulated dendritic cell differentiation. Our previous studies have revealed that VentX is a critical regulator of p53/p21 and the canonical Wnt signaling (18, 19) , which have also been implicated in DC differentiation (37, 38) . As such, we propose that VentX targets multiple pathways to regulate monocyte to DC differentiation (Fig. 6I ).
Our findings that VentX expression was aberrantly elevated in DCs isolated from inflamed mucosa of IBD patients suggested the clinical relevance of the identification of VentX as a novel regulator of DC maturation during pathogenesis of IBD. Importantly, VentX was found to be a downstream target of corticosteroid and VentX mediated inhibitory effects of steroid on DCs function. Refractory to corticosteroid and other immune suppressants is a major issue of managing autoimmune and inflammatory diseases. Results of our studies suggest that targeting VentX may allow development of alternative strategies to manage corticosteroid resistance. Further studies are needed to define how VentX-regulated DCs differentiation and maturation is modulated by host and microbial factors. Such information would be critical for understanding localized damage of intestinal mucosa in IBD. Interestingly, similar change of VentX was observed in macrophages isolated from inflamed mucosa of IBD patients, 3 further suggesting a potential role of VentX in managing mucosal inflammation.
The difference of the molecular mechanisms underlying human and murine blood and immune cell development and pathogenesis of inflammation has been increasingly appreciated (39) (40) . VentX is a human hematopoietic homeobox transcriptional factor that lacks a murine homologue (41) . Further investigation on the role of VentX in blood and immune cell development may help delineate the unique mechanisms of human hematopoiesis and immune regulation and open novel avenues for managing autoimmune inflammatory-disorders.
